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INTRODUCTION 

A Jubsople remotely pWed research vehicle W R V )  has been designed as part 4 the highly maneuverable 
.ire& tedmo- Q W T )  program. The IiiMAT RPRV design b tbe ceatml el- P a new mettmd kr 

aircrdt fncorporatinethenew teclmologksdinttsst .  A subscak RPRV isthendes@#d~huCttodcnwmstrate 
the advanced tech-logfes in a LLight envhmnmt. The iIrst appkation dthe met+d is in the big81 m~euyer- 
ability arean incorpartcd in the HiyAT vehiclb. An QIMicI dthe HiMAT R!RV an terms dthe v&s new 

bringing uhaxced aimraft tedualogies to a stated mulines . T h e m e t b o d k g h S W & h t p . p c r d d g X l d M  

technologJ are08 to be fkwmtr&ed is given in reference 1. 

anincluded under the active amtmls banner. dud static stability (Rss) a d  direct force-1 ars *&only 
Onedtbe n c ~  te&amhgy Muded in the EiYATpmgrrrnr i s h  caatmls. Although several functions 

functioaS iaCliidd in the HiNAT des@, because UleJr OCIU the We~~thl f ~ ?  hprooed e-. RSS 
is applied to both the l o r a g i d  and direc(i0nol axes. althqhthe loagitudinal axis is w~bstantmlly more 
dependent 011 active -. Severri studies. such as tbocre desmbed in refemces 2 and 3. have concluded 
that RSS beaefits are dependent 011 . The HiYAT vehicle. with a closely coupled canard-wing 

uration. Inaddition:&HiluT vehiclehas aemebsh -c tailoring whkh. when combined with a construction tech- 
nique that yields a more nenile etrumve . results in highly xonlineu amxlynamics. Thus. the application d 
Rss t o m s  u n c o n v e n ~ ~  - offers the potential :or an important addvamrement in the active controls 
technology base for aircraft. 

bath in U.Shhgbn. D.C.. a d  nt Wright-Patterson A i r  Fora Base. Rockweli International is under contract to 
the.NASA Dryden Flight Research Center (DFRC) m design urd m a  hr0 vehicles. The H W T  RPRV is 
currently in the mnwmcbm * phase at tbe Rockwell lnternath d. Los hngeles Division. frility; deliver,. of the 
first vehicle is planned for Yarch ?978. Flight test evalurtiOnS are to be performed at the NASA DFRC following 
ground checkout. 

This paper dbmssea the design pnmdure  followed and experiences encountered M they re%te :c the active 
contro! features. Bmphasia is placed on the aspects mrst likely to be rncountered W the design d 4 full-scale 
aircraft of s i m i l u  planform. Dcuils of the resulting nrinury control laws are presented - An over=-hv d the 
backup contrd laws and the implementatim d the prunary and backup systems is giver.. since the1 ere unique 
to th? RPRV opcration. 

HiMAT RPRV CONCEPT 

Tbe NASB-- HiYAT CV  US && the pidance Wad d the United StM- Air FO-. 
. 

The Hi)c\? RPRV COIlcept is to use RPIZV'j to speed the teahnology transition from runnel to flight and to 
redud the ast  ef aeronautical experiments exercising new technology. The txmcept invoWes two distinct steps: 
the first is a design study of a full-scale sirplane; the second is the design, manufacture. md flight test of a 
subscale RPRV . 
Full-Scale Fighter Design 

Three cantractorc performed conceptual design studies of a f u l l - d c  fighter drcra!! employing synergistic 
combinations of new teclnolot$es. The maneuverability goal for the full-scale fighter a imaf t  was the ability to 
sustain an 8g turn at Mach 5.9 a: an altitude of 9140 meters. The studies also included an assessment of the 
pmblems al;sociated r i ih  demonstrating the :ethnologies on c subscale RPRV - 

The Rockwell design stresses (fir? use of aerodynamic and structural technologies to obtain the high maneuver- 
ability. The design closely Lwupjes canard and ring. bringmg the two !iRing surfaces close together to develop 
a favorable interaction in their now fields by way of a tailoPed total airplane span load distribution. This requires  
low drag at lift coefficients greater than 1.3. 

Subncale RPRV 

The aubsrnle HiMAT RPRV tv be used to demonstrate the new tedtnnologies in night is a 0 .Il-scalt version of 
the full-scale fighter aircraft. The maneuverability goal for the RPHV vas the ability to sustain an Rg turn at . 
Mach 0.9. An altitude of 7620 meters was .selected to effectively slatch the wing loading of the full-scale aircraft. 
Figure 1 is a three-view drawing of the H W T  RPBV with contrcl surfaces indicated. The canard flaps are wed 
ei:her symmetrically, for longitudinal control. or antisymmetricaily . for direct side force control. The ailerons 
and elevators are used for roil and pitch control. respectively. The elc-ions may be cmmmnded antisymmetrically 



Figure 1. Three-view drawing of HiAfAT RPRV. Dirnensior.s are in meters.  
for roll control or syounetridly for pikhing moment control - The rudders may be a;m;r. nded oolle%ive& for 
Yawing moment control or differemtially as a speed brake. The 15OO-hilaqram vehicle is to be pif-13UncI.2d from 
a 8-52 *lane rrd rill carry 270 Lilograms of fwl  for the J85-21 engine. The vehicle rill be landed holltar- 
tally on a dry lakebed under primarp contml of a gmund-based pila using controls and idrument diapl~yr t y p M  
of those used in conve~tional fighter aiFcraft. as well a? a television display generated from sn onboerd. forward- 
looking television camera. 

nozzle was not included becawe of cost constraints. Blended w i n g - M y  and canard strakes were not included 
because the two-dmnsional nozzle would have been necessary KO trim aut the r ed t ing  high angle-of-attack 
pitching moment characteristics. A low cost approach w a s  used whenever possible. In some cases. lor coat could 
be achievecl by using methacis unique to an RPRV operation and without compromises in performance. In other 
cases. SXM compromises in performance were  necessary. Some of the low cost methods and the &ects on p d o t m -  
ance are detsiled below. 

Limited wind tunnel dota bme 

Several features of the full-scale fighter design were not included in '%e RPRV. Fot example. a two-dimensional 

Altbugh compute+.& aerodynamic metho& were preferred as a configuration development dedgn tool. none 
of the methods cmplerz!y accmhted for the entire confirmtion (body. car.-, wing. and winglet). Wind tunnel 
tests rei e consequently r. r.ecessary ingredient in the aerodynamic con6guration development. However, kr keeping 
with the low cos apprtssch. the amounf d testing was considerably L e s s  than that usually expended for a refined 
manned fighter u w d :  - Only 800 hours af wind tunnel tests were  run before hitinting fabricatian d the H W T  
vrhiclc. L. wr-.~lisua. apprcximately 2000 hours are required for a typical prototype manned airplane (for 
example. 1940 hours for the YF-16 airplane) and approximately 10.000 hours for a fully reRned airplane 
(12.W burs for the F-14 airplsne). 

Lcw cost elements 

An important aspect in achieving low cost in the s-'bscale RPRV was the modular design of the control surface 
sctuators (cnnards. ailerons. elcvons, elevators, and rudders). The combination of common canponents led to a 
variety 0: servoactuator implementations, namely dual tandem. single, and aingle tandem. Thi.. waa cost effective 
in design and fabricatim . minimized spnm part requirements, and will facilitate future conCSguration changes. 

W h i l e  all performwee requirements were met with the modular actuators. several compromises wen  made in 
the system's functional capability to accrue additional coat savi-ngs. Althou@ an all-movable canard would have 
been necessary to obtain the incremental le design goal for direct lift. a leas effective and less costly canard flap 
was used. Despite falling SO-percent short of the design goal, the direct lift capabilities of the closely coupled 
canard configuration can still be demonstrated. 

order to demonstrate features of the hl2-scale fighter aircrdt. The wing and canard leading edges, rather than 
being continuoualy variable as  in the fdii-scale fighter aircraft. must be manuaily chankpd to one of two dietinct 
settings. One setting is denoted "maneuver wing"; the other is denoted "cruise wing." The direct force canard 
controls. rather than providing an arbitrary nixture of direct lift and direct'side force. must be selected for one 
or the other function by the ground-based pilot. 

Ground facility 

cockpit with controls and displays typical of conventional fighter a:rcraf2. A general purpose minicomputer is als3 
avaiiable for mechanizing a control system on the ground. Figure 2 illustrates the arrangement betweeti the vehicle 
and the ground facility. The pilot and the ground-based minicomputer send signals to the vehicle control surface 

In aome &stances, manual confipxstion changes must be made on the ground between flights of the RPRV in - 

Another fenture of the RPRV operation that rr?\lurx!s program coats is the p u n d  facility, which contalns a 



actuatGrs through the uplink system. xeaulrant 
vehicle mcitions are then sensed and sent back 

by way of the downlink. thus providing closed- 
loop control of the vehicle. Peference 4 pro- 
vides additimal details on this operatian. 

A high level FORTRAN compiler ia available 
tkr the ground-baead minicomputer, providing 
m order-of-inugnitiide savings in C0dir.g and 
&are validation coets rm compared with 
flight computer eoftrw-. 

. to the pilot md the cantrpl COmpUt~ 

H a r d r a r e  cost s~vings are possible because 

facility equipment costs are divided am?r.g a 
the facility is already in eldstence and the 

r.umber of programs. 

Reliability specification 

on the HiMAT RPRV r a s  less demanding than 
thet appropriate fa- manned aipaaft but mope 

Fiswp 2. Conceptual layout of RPRV operation with demanding than that normally asaocicted with 
ground facility. n dmne. The amtract speciKcation that "no 

single failme shall cause of the vehicle" 

4 

The system reliability specSication imposed 

was imposed to p r o b e  the vehicle following a first failure. but protection ag8inat subsequent Epil?ws was not 
required. Cmsequently , the resulting system amfiguratiai is considerably different h*na what one would expect 
for pm active control system in a manned aircraft. 

primary system, which uses the ground-based minicomputer. is fmctkmdy similar to thai of a full-scale 
fighter aircraft with respect to the mtroi laws. It is a simplex system with in-line monitoring. The backup 
system is i i  110 way similar t~ that appropriate for a manned vehicle. It is n semiautomatic system that must 
provide d e  return and landing ccpability , independent d the ground hcilitp. An alternate commcurd station 
in a chase cirplane is used to make autopiM-type ammaads typical of drone operation. An onboard. microprocessor- 
baaed control systeo provides the necessary autopilot firnetions for stabiliacatlon. orbit, cruise at wings level. and 
app& and flare. 

INTEPJRATED ACTIVE CONTROIS DESIGN 

Designprocedure 

As in COnvMtional akplane design procedures, the active controls design involved an iterative process. 
Figure 3 illustrates one cycle of the process. A set of requirements acd a wartup cmfiguratiOn w%re used to 
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Figure 3. One  cy^:^? of iterative inlegratrd design process. 

define wind tunnel models and analytical aerodynamic models. Test results f rom these models formed the basis 
of a revised aerodynamic configuration and pmvided the necessai-y dnta to update or begin the various support 
activities. including flight control design, airload and flutter an& *is, mass properties defmition, and prformance 
analysis. Results of the various analyses reaulted in either confirmation of an acceptable configuratiori or an 
adjustment to the requirements that governed the subsequent iterntion. The dashed line in the figwe represents 
the need for early definition of control requirements prior to the iteration cycle. It corresponda to the aerodynamic 
configuration developer's asking the controls engineer. "How much control power is needed?" The controls engineer 
responds with a <-restion: "What do I have to stabilize?" 

It is interesting to note that the function of assuring the final level of adepuate stability and control was per- 
formed by the flight controls engineers. rather than by the aerodynamics engineers as is the usial case with 
conventional airplane designs. In addition. the flight controls group was involved in the configuration develop- 
ment from the start rather than being consulted later in the design process. 



With the exception of t h e  need to establish control power siting requirements before sUacient information w a s  
rvailable to state such ngufrementa . and the transfer of stnbility and control respansiioility , the design process 
was rather staadnrd. Although the Cght controls engineers received tha aerodynamic characteristics corre- 
sponding to the most raxnt  configuration dnta set. :Le flexibility rormxtions were not available until the ncw 
itMtian on u r h d s  was completed. Because the flutter analysis lagged tehind the other analyses. its iteration 
cycle wna longer. 

Design Esperiences 

design. Two of these involved relaxed stat?c stnbility; the third, direct f o m  cantroi. 

Relozed longitudinal static s:cbilily 

In the early ccnfiguration development. the mnjor problem relnted to relaxed static stability was the ckter- 
m i n a t i d  of control power requirements. Initially. beaed on advanced manned strategic ai& design 
experience (ref. 5). 10-percent negative longitudinal static margin was selected as a limit for the rigid airplnne. 
This limit w a s  later increased to 15-percent negative based on the following rationale. 

The landing coliditim in a wind gust was found to be critical. A ground ruie wa8 established that SO-percent 
co*itrol surface travel should be avdabllc for stability augmontntion. after acckunting for trimming to the landing 
condition and encountering a wind shear of reasolurble intensity. The wing W i g  edge pitch control s u r f . .  
(elevator and symmetric elevons) have a 300 tniling edge down limit; therefore, a deflecth of no mre than 
25O trailing edge down could be allotted for trim plus wind shear. For a landing speed of 80 meters +r second 
and a 15-percent n q t i v e  static margin. a wind shear equivalent to 8 Aa of 5.7O or a kZ d 0.4g could be tolerated 
under the awe restrictions. Tlds wns considered a reascnable cornbwtion of landing speed and wind shear. 

Three aspects of the canfigurCl<ron develcpment stand aut as Unique to the active controls philosophy in the 

At  higner angles of attack, a sharp nonlhr?a!ty in Cm fxtudly increased the Static margb to more than 
cL 

30- percent negative at some lm subsonic flight conditi ms . To illustrate the degree of instabilitg, including the 
effects of cg changes and fleniility correctims, figure 4 shows CL BP a function of Cm for the cruise wing at 
Mach nmbers  af 0.9. 0.7. aud 0.2. 

I- Ite!ferencecg, rigid 
-I A A q .  rigid 

2.0 r I - A f t q .  flexme 

1.8 c / 

The data for yech 0.9 are nresented in 
figure 4(a). The curves sho h e  flexibility 
&ects for the flight conditk~ -t nn altitude of 
9140 meters with tbe indicated inst-' dity . The 
+.curve cofipBpmds to the ref ence cg 
pos~tmn (&percent Ew) snd is obviously stable. 
With the cg at 10-percent Ew. which corresponds 
tothe farulest aft cg position, the curve shows 
essentially neutrnl stability. The inserted table 
ppesents the magnitude of inatability for several 
values of CL . In edaition. the approximate a 
and n values corresponding to each Cz, value 
are listed for a weight of 1390 kibgrams. The 
instabilities shown range fmm 0.06 at a CL of 
0.4to 0.12 &a C L o f  1.3 (n2-R.9g). 

Figure 4(b) illustrates similar dnta for the 
Mach 0.7 condition at M altitude of 9140 meters. 
T1.c instabilities range from 0.11 to 0.21 for the 
CL values shown. The Mach 0.2 data are pre- 

z 

sented in figure 4(c) and the cg effects are 
shown . (Z leniility effects nre negligible at 

Figure 4. Longiiudinol stability ofcrrtise wing HiMAT vehicle. 7620 meters, the instabilities range from 
0.1C to 0.31. At such extremely negative stability levels, the pitch control surface will always reach its limit at 
some sufficiently large ang!e of attnck; thus, stability augmentation wil l  be imt . It should be noted that control 
power saturation does not occilp in the maneuver portion of thd H U T  RPRV flight envelope nnd hence, does not 
restrict the demonstration of the highly maneuverable capabilities. However, to preserve 1-ehicle control during 
low dynamic pressure, high angle-of-attack nigh:. an angle-of-attack limiter was planned for incorPoration in the 
control system. 

Some penalties were incurred because of the RSS system requirements. Larger hinge moments, resulting in 
larger actuators. were required. This necessitated going outside the wing mold lines on the RPRV and probably 
would cause a similar problem OF. a full-scale figh:er aircraft. Although not quantified, the weight for the larger 
hydraulic system was greater than that required for a conventional design. 

Reinred directional static sfability 

contra1 power requirements. Initially. a p a l  of neutral directional stability based on a rigid airplane was 
established. Any turther decrease in the stability level was not warranted on the basis of performance improve- 
ment alone. Even et neutral stability. an initial estimate of the control power required to provide adequate 
directional stability was needed. The controls engineers decided to state their requirement in terms of 

C, /C, 

lo)  Mach 0 9. h = 9140 meters. 
number.) For an altitude Of 

As in the longitudinal RSS design. incorporation of RSS in ... e directional axis required early estimates of 

evaluated at en angle of sideslip of 2'. C is negative and C, is norma!ly positive, SO the 
6r P n% P 
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(b) Mach 0.7. h = 9140 meters. 
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C ;Cn ratio is wgative. Fora neutrally 
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ratio goes to intinity. In othe-r rords. verg 
little rcdder effectiveness is needed to W i e  
a neutrally stable airplane in the directianal 
sxis. The control power regussted by the 
cmtmls g r o u ~  and based on the rigid &plane 
war ulthatay abaut SO-perCent higher than that 
provided. P i  5 shows the wind tunnel 
values for a range d AIacb numbera and anglee 
of attack as compared with the inibi.l request. 
Even tiatmgh t!! control power is below t k  
initial request. stnulation studie.. h e  indicated 
it is adequate. 

The flexibility ell- played a major role in 
thedeaign. Windtunneldata. correctedlor 
nesibwty and cg  effect^. predict a lronliDeuity 
f n C  (hg.6).resultinginnegativedLrectioaal 

stability to l .SO d sideslip. This nonlinearity 
is caueed by the flexible V adthe 
vertical tails and the ringIe'9. Because these 
d- are aft d t h e  cg. the tleribiKty &e& 
temi to negate the directimpl stability the 
surfacee would otherrnse . provide. 

"a 

I -2 ' I I I I J  
.40 -30 -20 .IO 0 

'm 

(c) Mach 0.2. 

Figure 4. Concluded. 

Thetendencytotrimdh&aMuy attrroatera 
o. and nz for 

"'""'5 
anglee of sideslip would have been rsdesirable 
without active cartrolr. However. with active 
cmtrde it d d  be assumed that the central 
-stem cwld be programed to remove any such 
tendency. 

Direct  force clmbvl 

N o m  force is provided by the direct lift control 
system; side force is provided the direct side 

CAR all 

Direet force cuntyd is provided in two axes. 

1.0 0.22 l2.5 f O ~ c o n t p o l ~ s t e m .  
1.4 0.31 17.7 

Tbe direct uh cootrol system utili.es t k  

3r 

0 .2 .4 .6 .8 1.0 1.2 1.4 
M 

Figure 5. Ratio ofyawing moment due to rudder defIec'i-.n 
to y F i n g  moment due to angle of sideslip (IS a fLtnction of 
Mach number. 

~ a ~ p . i n c o a j ~ ~ u i t h t h e r i n g  
huiling edge surf.cee. to provide pure litt. 
A opacrd rug rormdly pruduces noee up pitching 
moment as r a  aa direct ut. However, w i t h  the 
HfMAT WRY. the symmeC* elevons and de- 
vatora are deflected to a hniling edge down 
pOeitioD by tbe active control system to tr im 
out the pitching moment. Thia &ectively 
increaeee the ring cambet. which inoeaeee 
thetotalvehiclelift. frit- .tbeauuvd 
nap lift&ectivc?neee PeverSes adpnamic 

pretwres atme sa. 000 ~ / m '  tetsw the e 
waah. which reduces the angle &attack at the 
ring. thereby redudngIlh. However. a 
poeitive pitching moment is still gpneratd, 
which results in tbe atme downward deflections 

active control system. and hence, direct lift 
aa before. 

the antisymmetric c u w d  flap in conjunction 
with the rudders and antisymmetric wing 
trailing edge surl.cas. To generate the side 
force with !Jw OaMfd flaps, dihedral wan 
required in the canamls. The dihedral ahead 
of the cc %as destabilihg directionally. The 
wir$ip .Tm:t?dS were added to return the 
rigid airplane to neuh al directimal stability 
at the e-r - m a t  Ew reference cg. 

PRIMARY CONTROL LAWS 

llap trailing edge d m  dellectim down- 

d the wing trauing edge mPfaceB thmugh the 

D W  side force is achieved by aeflection of 

The primary corrtml hwa were designed to 
meet the basic military handling qualities 
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Figwe 6. Yauing moment in stability axis 
system as a -tion of angle of sideslip. 
Mach 0.9; h = 3050 mtters. 

I 2 n 

Figure 7. Lorqitudinol primary contml law structure. 

acceleratimi command. n is compared 

with a tlltered normal acceleration feedback, and the error is then routed tnrough an int-wal-plus-proportional 
network in the forwerd loop to the elevatorn and syrrmetrical elevons. Note that many of the gains are functions of 
one or two variables. The forward loop gain, for example, is programed 85 2 function of Mach number end al thde.  
An inte@-plus-pmprtional network, programed as a h c t i o n  of angle of attack, provides neutral speed atability 
within the limits of the integrator limiter. Pitch rate is lea back 98 an inner loop to provide pitch damping. Th,z 
elevators and symmetric elevons are driven in unison as the primary pitch control effectors. In the normal accele- 
ration feedback path, an inverse model places zeros at a desirable location for the closed-loop short period to close 
on 88:  le gnin is increased. 

, to the canard. This crossCeed is needed 

, thmugh a firat-order ahaping Alter and a gdn. The value of nz 
%om corn 

A crossfeed is provided from the normal acceleration command. n 
ZCOlll 

to quicken the normal acceleration command augmentation response at high altitude. transonic flight conditione. 

The angle-of-attack limiter introduces a nose down pitching moment command when a reference angle of 
attack. at ,  is appioeched or exceeded. The at is programed as a function of Mach number: At Mach 0 . 5 ,  

ap is equal to loo; at Kach 0.8 and greater, ay is equal to 19O; and between these two pointe. ap is interpolated 
line&-ly . 



The angled-attack limit was bnsed on the nngle of attack at which the airplane A d  be abruptly mud to a 
30° bank angle using the antinymmetric elev~ne withovt rerhing the limits of the elevons for pitch e m c a t i o n .  
ff an elevon reeches its limit. the epmmatriC elevon Qwilppande have priority over the an-c elevon 

An attempt hns been made to straighten the nonlineac C, 

of nngle of attack. This is reflezted in the 6 . which is only active for At<  0.7. Begmnhg at an meofat taclr  

of 100. the 8 is a trailing edge up ccmmand proportiorral to the angle of attack until surface saturation is mac'd 

at an angle of attack of 16O. There is clam intarectiOn between this 6 and the angle-of-attack limikr *-e they 

are acfive concurrently. The limiter begin6 rmrking nose down inputs at an angle of attack ob IOo to 14O for 
Y 

COmmMd, which is ncta. upon by the cioser. loop thmugh the.elevators and symmetric eLevons desar'bed prevhsly.  
tn addition. a signal feeda directly to the -nerd flap. 

Dynamic characteristics 

cuwe by programing the canard aSp ae a function 
=L 

- 

0.4. nhem the canard flap maices nose down inputs at angles of attack between loo and 16O. 

Ale0 shown in figure 7 is 8 separatedirect lift command (dashedline) that generates alKvmal ecceleratb 

As mentioned previouPly, an inverse madel was  included in the nomod accekration feedback to give e aet of 
zems at a desirable location for the closed-loop poles to close on. 
acceleratim feedbadr @I with the pitch rate feedback loop closed and assumhg 

Root loci were ted by varying the LylFmel 
f i r s t - o p d e r ~ l e g e  

to he 40 radians per second. Figure 8 presents a root locuS for a high dynamic preeSurefIight~ditiOIIOt 
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(b) Expanded view of root locus near origin. 

Ffgu-e  8. Root locus for increasing normal acceleration feedback 
with pitch rate loop closed. Mach 0.9; h = 760 meters. 

Mach 0.9 and nn altitude of 760 meters. The closed-loop root locations for five representative flight conditions are 
shown in Clgure 9. The root locations and, in particular, the real rem pairs vary coneiderably with flight condi- 
tion. Despite this variation. the dynamics of the tranaient respclnse to a pilot's command is relatively invariant, 
even though the &tic response is different. An example is given in figure 10, which shows simulator time 
response- :or identical pilot inputs at two flight conditforls. 

Lateral-Directional Axes 

Control law structure 

In the lateral-directional axes. the control laws are cnnventional, with the exceptbn of an integral-plus- 
pmportlonal network on lateral acceleration and the addition of a rudder pedal-to-antisymmetric elevon inter- 
connect. Three oets of controllers am available: ailerons, antisymmetric elevons, and rudderfi. Figure 11 
preeents s block diagram of the roll-yaw normal mode control laws. As in the longitudinal a d s ,  many of the gains 
are programed as functions of several variables to mclintain nearly constant handling qualitiee. 
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Figure 9. Closed-loop root8 in longitud?nol oxis at selected flight eondittons. 
Closed-loop poIe-zem pairs near the v*igin ore similar for all flight conditions. 
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Figure 10. Time response for 3-centimeter pilot pitch stick step command 
at two flight conditions. 

Beginning at the top half of figure 11, the pilot's rolt stick signal. 6, , is routed through a gain programed 

as a function of Mach m m b e r ,  then low passed to generate a roll rate com.ruurd. The command is routed to the 
ailerons through a scheduled gain. The gain is constant for dynamic pressures less than 38.400 N/m2. The gain 
is gradually redliced at higher dynamic pressures such that it is zero for dynamic pressures greater than 

2 57,000 N/m (aileron roll effectiven2as changes sign due to flexibility at hizh dynamic pressure). The roll rate 
command is also routed to the antisymmetric! elevons. which art: used to augment roll damping through roll rate 
feedback. A roll stick-to-rudder interconnect is provided to decrease a strong adverse yaw. A lag on the 
in:erconriect with a 1-second time constant provides compatibility between the interconnect and the augmerated 
cc 1 subsidence mode. 

Rudder pedal inputs, 6,. , are converted to directional commands in ti manner similar to that for the roll 

9 
I 

, 

P 
ptick signal. Augmentation of the Dutch roll is aoxmpl!shed through lateral acceleration and yaw rate feedback. 
The limited integral-plus-proportional network on the lateral acceleration feedback is a direct result of the 
nonlinear C, curve disC~s3ed in an earlier section. Without the integrator, directional trim may occur at non- 

zero angles of sidesup. With the active conrrol philosophy, the control system is expected to p r d d e  directional 
trim at an angle of sideslip of Oo . If the active control system were not available, it would be necessary to atwen 
the vertical tail structure to eliminate the Cn nonlinearity. 

P 

P 
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Figure 1 1 .  Lateral-directicnal primary wntrol law structure. 

The rudder pedal-antieymmetpfc elevon d e e d  i s  somewhat unusual in h t  it corrects a very minor 
associeted with a hesitnth in the U f l h g  of the wing due to rudder pedal inputs during a crosesrind 

approach. With a aigital fly-by-wire syetem. correctiOars of minor annoyances such 88 this are esseutially 
free inthat the h a r d w a r e h  available and the impact on software is minimal. 

Dynamfc characteristics 

The negative C, for small tu@ee of sidcslip presents an interesting controls problem. Figure 12 shows. in 

mot locus f0-d. how the different augmentation loop doawes change the lateral-dhctkd dynamics. The two 
rael. lmstable mots correspond to the spiral and roll subsidence roots while the stable, osciUatorp pair represent 
theDutchrollma&. Note 
that the labeling of tke mots Cbd-loop p l e  for 
as Dutch roll, roll subsidence, 
or spiral becomes ditrrcult for 

rieurgtions. The 'above labels K nominal Kr and Kn 

0 Closed-loop pole for 
were determined by the be- 
havior of the mode shapes due 
to the mote. rather than by 
tracinP the loci of rmts back I P' r n" 
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ninal ic 
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4 
to theG origins for a well te-  
b e d  stable COnfrguratiOn. The 
initial cksure, where the lateral 
acceleration feedback includes 
the integrabp1us-proportional Imaginary 3 
network, mwes the unstable 
roots into the stable left Palf 
plane while decreasing the 
stability of the oedlletory pair. 
The second closure, whem 
h i g h - p d  yaw rete is feci 
back. improves the clamping as 
expected. I n t h e A n a l c l ~ e ,  
the addition of the roll rate feed- I \ 
back improves the roll eubsi- 
dmce time constant by movlng the -4 -3 -2 -1 0 1 
real mot from -2.75 to -3.95. 
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Extmsive programing of Fig. . 12. Effecis ofaugmentutton loop rlosures on the lateral- 
contiol ayetern gains as functions dfrec ?of roots. Mach 1.0;  h = 3050 meters. 
of fl.ght condiHJn parameters 
was ~euaLly 'equired. As an examplc, n compdeon of the pole-zero root contours for the bank angle due to roll 
stick transfer function with and without gam vlu4atiOne with angle of attack and without roll-to-yaw interconnect 
ta ehown in Pigwe 13. It le evident that the tntercuMect maintains roll control for high anglee of attack; in other 
worde, no sign change occme in the numerator of the bank angle due to roll stick transfer hct ions.  The angle- 
of-attack pin  variation case shows ttiit the zeros remain close to the correfipondina poles. whereas fnr the fixed 
gain with angle of attack came, the polee and zeros become greatly separated. When the poles me close to the 
zeroe. the roll rate response iu well behaved; uhen the poles are well separated from the zeros. a large component 
cf Dutch roll is present in tbe roll rate reeponee . 
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Figure 13. Effects of angle-of-attack gain schedule on bank 
angle due to roll stick transfer function roots. 

CONTROL SYSTEM JMPLWENTATION FOR RPRV OPERATION 

The procedures followed up to this point are generally applicable to a full-scale manned aircraft. The infor- 
mation presented in this section, however. is unique to an R P W  operation. No attempt is made to generalize this 
information to a manned aircraft. 

Primary Conml System 

Figure 14 presents a diagram of the principal elements in the control system. separate ' DUt/OUtPUt interfaces 
are included in each of the interfaces with the computers, although none are shown in the &we. There are three 
flight-safety-critical sensor sets: two within the primary system and one in the bzckup system. Sewmr Forma- 
tion is transmitted to the 
ground by way of the flight 
test instrumentation system. 
The control laws are imple- 
mented on the ground-based 
minicomputer, operating on 
the motion sensor and cock- 
pit command information. 
The resulting control sur- 
face commands are tram- 
mitted to the airplane at the 
rate of 53.3 samples per 
second. Both receiver/ 
decoders are required 
[eight control surface 
commands at four commands 
per unit) to transmit the 
commands to the primary 
microcomputer, which 
forwards the commands to 
the appropriate control 
actuators. 

The control laws involve 
substantial use of nonlinear 
gain scheduling on multiple 
flight condition parameters. 
The principu elements are 
diecussed in the following 
sections. 
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Figure 14 .  Arrangement offlight uontr I s y s l m .  
Sensor redundancy management 

meters (n, and n,,) are trtplexsd. The outputs of these sensors arc' !ransmitted to the primary microcomputer 
where the Ailidvalue i n  eemcted. This midvalue is transmitted 0 the pound for primary system control loop 
cloeure. The other two values are monitored ngainst the mididue lo within a specified tolerance for failure 
detection. If an out-of-tolerevice condition is detccted, the pound is notified as to which sensor has failed, thus 
aborting the mission, but the RPRV remains on Khe primary cryatem. 

The flight-critical flight control sensore, the rate gyro9 ( p  , q ,  and r) , and the normal and lateral accelero- 



The air data sensors (dynamic pressure. pressure altitude, and free-s;x=z! !cmperatrlre) are dualizcd at the 
transducer and are designated primary and backup. A comparison is made in the primary microcomputer. when 
a difference greater than a prescribed level is detected, a disagreement discrete is Bent to the ground. The . 
ground-based minicomputer checks the pressure or tempe-ature sensor information agahst 3I riple mdels to 
determine which seiisor has fniled and switches to backup if the primary sensor has failed. 

Sensors for non-flight-safety-cvitici parameters (bank angle, pitch attitude. heading angle, angle of attack, 
and angle of sideslip) are nbt redundant. However. the ground-ba=d minicomnvter checks these simplex sensors 
to determine when the data exceed reasonable limits or change at an excessive rnte. 

M icrocorriputers 

The primary and backup microcomputers are baaed on 8d80 microprocessors. Oach has 1024 8-bit byte3 of 
rvrdom access memory and provisions for 25 .OUO bytes of programable cead-only memory (PROM). The primary 
microcomputer has 16, (io0 bytes of PROM. and the backup microcomputer has 14.000 bytes of PROM in addition to 
a 7-byte intercom between computers. A comprehendve self-diagnostic program runs in the background to the 
control software in both microcomputers. The diagnostic program includes the foEowing tzsts: memory check 
sum. sci*atch pad, inetruct;on repwtoire , real-time clock accuracy, limited input/ogtput wraparound, hardware 
millriplicalion , and computer intercom. 

While in the primary system, each microcomputer carries part of the computational load. The primary micro- 
computer does all the datalink processing and a l l  the failure detection for the com2uters. sensors. nnd actuators. 
The bnckup micracmnputer contains the control laws for an integrated propulsion control system that replaces 
some uf the mech;mical controls on the basic J85-21 engine. It also pmv2es backup flight control system 
synchroniztion information. ?he backup control laws do not run while on the p5rnarv system. but constants 
must be updated to prep. re for a smooth transfer to the backup system. 

Telemetry downlink and uplink 

This system consists of the downlink and uplink telemetry information for control of the RPRV. The telemetry 
links are essentially line-of-sight transu2ssion paths. It is estimated that flight operations w i l l  be limited to a 
range of approximately 60 kilometers at an tltitude of 1500 meters and a range of apprximately 200 kilometers 
at an altitude of 14,400 meters. 

The downlink system provides aircraft response var iabh to the ground station at 220 k e a  per eecond. 
Approximately 2' ' dam parameters. inclur: ng 25 flight contrc' .Wa words. are packed into 75 words per frame. 
Parameters that contain useful, high frequency information ar. aampled at 220 samples p. 
of lower frequency signal content are sampled at 55 samples per second. The pulse code modulatio~ system is a 
10-bit system plus parity. although parity is not checked. A 3.7-meter parabolic receiving antenna. slaved to a 
radar tracking antenna. receives the transmitted signal. 

signals) 
uplink us 
second per command signal. Although two parity bits rre transmitted with each word, only one bit per frame is 
checked by the microcomputer. A discrepancy is 'landled as improper information, and the system is automatically 
transferred to the backup mode if the discrepancy is repeated a prespecified number of times. 

Grouvd-based minicomputer 

eec0r.d; parameters 

- 
The uplink system contains 16 bits per data word (a 10-bit proportional command signal and six discrete 

Transmission is at a rate of 106.66 frames per second with four data words per fEame. Since eight 
s are required. two frames are necessary for transmission. The effect.iv.2 rate is 53.3 samples per 

The general purpose ground-baaed minicomputer has 32,000 16-bit words of memory, with a men.- , cycle 
time of 330 nanoseconds. A set of peripherals is available to support the minicomputer, including a .nagnetic tape 
drive, card reader line printer, 2.34-miUion-word disc memory, and high s p e d  paper tape reader and punch. 
The control laws are programed in FORTRAN IV with the input/output softwar? writtcn MS assembly language 
subroutines. 

Flight control surface servocictuators 

mined o* faired psition; and fail-operative . through a dual-redundant (active-standby) imylementnticn 
Two basic types of esrvoactuators are used on the RPRV: fail-ssfe. thrurlgh h:rdraulic locking to a predeter- 

All fail-safe simplex actuators (canarde, ailerons, and elevators) usc a cross-shi,r monitoring technique to 
' detect failures relating to their individual chann?ls. Since these surfazys operate either in unison or antisym- 

metrically from a centered position and are not mechanically interconnected, a simple comparison of their position 
linear voltage differential transformers (LVDL ' 6 )  i s  used. An out-of-tcilerance difference in any of the rhree pairs 
initiates a total switch to the backup systm This switching is. however, reversible. In the fail-operative duplex 
actuators (rudder and elevon), an airborno microcomputer comparison (model) testing technique is employed. A 
model of the servovelve spool position i n  generated for comparison with the actual LVDT-measurpd position If the 
primary channel fails, the system is automatically transferred to the backup mode. This switching ia reversible if 
the failure disappears. 

Backup Control System 

The backup rontrol system was designed to recover and return the vehidle to a stable attitude after a primary 
system failure; place the \ ehicle in a constant bank angle orbit mode until commanded to exit orbit; pel mit remote 
control of the vehicle f,*om the ground or a chase aircraft by discrete command; provide erne-gency landing capa- 
bility; and provide a g!ide mode for the best range with the engine out. 

Funclionol descrfp tio.? 

autopilot was designed with the nine operating modes described below. 

. 

The above functions could be accomplished through the use of only the elevons, rudders. and throttle. An 



6 1  3 




